Twenty-one children with Down syndrome (DS) and 20 without disability, ages 3 to 11 years, completed the experiment in which they were asked to grasp and lift cardboard cubes of different sizes (2.2 to 16.2 cm in width). Three conditions were used: (a) increasing the size from the smallest to the largest cube, (b) decreasing the size from the largest to the smallest, and (c) a random order of sizes. Children with DS were found to have smaller hand sizes in comparison to age-matched children without DS. In addition, the shift from one-handed to two-handed grasping appeared at a smaller cube size for children with DS than for children without DS. However, when the dimensionless ratio between object size and hand size was considered, the differences between groups disappeared, indicating that the differences in grasping patterns between children with and without DS can be attributed to differences in body size.
The development of grasping has often been studied by using qualitative descriptions (e.g., Connolly & Elliott, 1972; Gesell, 1928; Halverson, 1931) . As in studies describing the development of posture and locomotion, grip configurations were reported to develop in a regular and orderly sequence. That is, early grasping patterns were described as primitive reflex movements progressing from crude power (whole hand) grasps to grasps using precise index finger-thumb opposition. This latter grasp was considered to represent a "mature" pattern (Connolly, 1973; Halverson, 1931) . These grasping patterns were primarily classified on the basis of the anatomical structures involved (cf., Napier, 1962) . From this maturational perspective, growth or maturation of the nervous system exclusively controls the development of grasping patterns. In contrast, proponents of the cognitive approach argued that the production of movement patterns is controlled by so-called motor programs or schemas, which should be executed to achieve a particular goal. Novel acts are built up from "chunks of previously learned actions which are incorporated as wholes, and subsequently adapted to fit the new situation" (Moss & Hogg, 1981, p. 39) . The maturational and cognitive approach to skilled action differ radically from an ecological perspective. In the latter, it is held that movement patterns emerge spontaneously from the mutual constraints of the task goal, environmental conditions (e.g., object size), and performer attributes (e.g., arm length, hand size; Burton, Greer, & Wiese-Bjornstal, 1993; Cesari & Newell, 2000; Newell, 1986; Savelsbergh & van der Kamp, 1994; van der Kamp, Savelsbergh, & Davis, 1998) .
In spite of the importance of grasping tasks in everyday living, few researchers have analyzed grasping patterns of children with Down syndrome (DS). An exception is the work of Hogg and Moss (1983; Moss & Hogg, 1981) . The results of their studies suggest that children with DS and age-matched children without DS increase the use of precision grips with advancing age from 15 to 44 months (see also Thombs & Sugden, 1991) . Hogg and Moss (1983) manipulated the diameter of the object (a rod from 8 to 41 mm) and reported a tendency for more twohanded grasping with increasing age for children without DS but did not report such findings for children with DS. From an ecological approach, one would expect the grasping behavior, that is the use of either one-handed and two-handed grasps, to relate to the hand size of the participants. This concept is important because research has shown that persons with DS have smaller hands as compared to persons without DS of the same age (e.g., Chumlea, Malina, Rarick, & Seefeldt, 1979) . Newell, Scully, Tenenbaum, and Hardiman (1989) demonstrated the importance of hand size in relation to grip configuration during prehension for children, ages 3 to 5 years, and adults. Their findings indicated that prehension patterns differed between the age groups. However, when the object size was scaled to hand size, Newell et al. found a common dimensionless ratio that corresponded with the changes in grasping patterns and limb orientations used across the age range of their participants. In a more recent study, van der Kamp et al. (1998) also found that changes in grasping patterns of 5-to 9-year olds were dependent on the ratio of object size to hand size. Grasping different sized cubes with either one or two hands was found to be determined by the ratio between cube and hand size. In the study by Hogg and Moss (1983) , the ratio between hand and object size was not taken into consideration.
The present study examines the functional coupling of object size and hand size for children with DS from the ecological approach to perception (Gibson, 1979) . This functional relationship between the child and the object is expressed in terms of body-scaled information, which is derived from a dimensionless ratio between two metrics: one for the child (i.e., hand size) and another for the action space (i.e., object size). It is expected that hand-size differences will account for some of the differences in grasping patterns when children with DS are compared to children without DS. The question examined in the study is whether differences in one-and two-handed grasping between children with and without DS will disappear when children are matched by hand size instead of age. Following the studies by Newell et al. (1989) and van der Kamp et al. (1998) , it is predicted that differences in grasping between children with and without DS will disappear when the cube sizes are scaled to hand size. More specifically, it is expected that the critical cube-size/finger-span ratio at which children shift from one-to two-handed grasping will not differ between the two groups, although the absolute cube size at which the shift occurs will differ.
Method

Participants
Twenty-seven children with DS and 22 children without DS took part in the experiment. Six children with DS and 2 children without DS did not complete the whole experiment. Hence, the reported data concerns 21 children with DS (12 boys and 9 girls) aged from 4 to 11 years (M = 7 years, 5 months) and 20 children without DS (10 boys and 12 girls) aged from 3 to 11 years (M = 6 years, 7 months), who served as controls. Parental permission forms were obtained for all children prior to participation, which was voluntary on the part of the children.
Apparatus and Procedure
Children were seated on a chair, which could be adjusted in height, at a table (1 ϫ 1 m, and 75-cm high) and were required to grasp a cardboard cube presented by the experimenter seated opposite them. A set of 14 cardboard cubs ranged in width from 2.2 to 16.2 cm (increasing in 1-cm increments). The weight of the smallest cube was 2 g, while the largest was 100 g. Weight differences were negligible with respect to the task requirements. All trials were videotaped from a 3-m distance with a camcorder (VHS Panasonic).
The locations of where the cube and hands of the child were to be situated before the beginning of each trial were marked on the table. The experimenter placed one cube at a time in the marked position in front of the child, during which time the children were asked to close their eyes. After opening their eyes, the child's task was to lift and place the cube on a spot indicated by an "X." The distance between the cube before lifting and the "X" was 30 cm. The instructions for completing the task were given to the children at the beginning of the first trial.
The cubes were presented in three conditions: (a) an increasing condition with sizes ordered from the smallest to the largest, (b) a decreasing condition with the sizes ordered from the largest to the smallest, and (c) a random order. The latter condition was carried out twice. The order of the conditions was randomized among participants.
Maximum finger span (end of thumb to the end index finger) was taken as a measure of hand size (cf., Newell et al., 1989; van der Kamp et al., 1998) .
Data Analysis
For each trial, the recordings were analyzed frame by frame by two different observers and scored with respect to the number of hand(s) used to lift the cube (one or both). Agreement between the two raters was 99%. To obtain the percentage of one-handed grasps for each cube, the number of one-handed grasps for each child was divided by the total number of grasps and multiplied by 100.
The transition point, that is the cube size at which the grasping pattern changed from one-to two-handed, was determined for each condition separately as follows. First, the size of the largest cube (L) that was still grasped with one hand and for which all smaller cubes were taken with one hand was determined. Second, the size of the smallest cube (S) that was taken with two hands and for which all larger cubes were taken with two hands was determined. Third, the transition point was calculated by the sum of these two cube sizes divided by two ([L + S] / 2).
Results
Finger Span
To check whether the finger span of children with DS was smaller than age-matched children without DS, a one-factor ANOVA was carried out. The analysis revealed a significance difference, F(1, 39) = 9.52, p < .01, with smaller finger spans for the children with DS (M = 8.2 cm, SD = 1.3 cm) than their peers without DS (M = 9.9 cm, SD = 2.1 cm).
Shift From One-to Two-Handed Grasping
The children with DS used a one-handed grasping pattern less frequently than children without DS (38% and 55%, respectively; see Figure 1 ). Also the children with DS shifted from a predominately one-handed to a predominantly two-handed grasping pattern at smaller cube sizes than their peers without DS. A 2 (Group) ϫ 14 (Cube Size) ANOVA with repeated measures revealed significant main effects for group, F(1, 39) = 9.52, p < .01 (power .853) and cube size, F(13, 507) = 99.00, p < .0001 (power 1.00) , while the Group ϫ Cube size interaction just failed to reach significance, F(13, 507) = 1.66, p = .06 (power .876).
The Use of Body-Scaled Information
Differences in grasping patterns related to cube size between children with and without DS diminished when hand size was taken into consideration (see Figure  2) . A 2 (Group) ϫ 4 (Condition: up scaling vs. down scaling vs. random 1 vs. random 2) ANOVA with a repeated measures design was carried out on the absolute cube size and ratio of cube size/finger span separately. With respect to the absolute cube size, a significant main effect for group was found, F(1, 39) = 9.50, p < .01 (power .852), indicating that the average cube size at which the shift from one-to two-handed grasping occurred for the children with DS was smaller compared to the children without DS (M = 7.2 cm, SD = 3.12 vs. M = 9.5 cm, SD = 3.53). However, for the cub-size/finger-span ratio no significant group effect (DS: M = 0.87, SD = 0.40 vs. without DS: M = 0.98, SD = 0.42) was found, F(1, 39) = 1.16, p = .116 (power .872) and no significant Group ϫ Condition interaction, F(3, 117) = 2.01, p = .117 (power .899).
Discussion
Following the ecological approach to perception-action coupling, the aim of this experiment was to examine the functional coupling between object size and hand size for children with DS when grasping and lifting objects of different size (Gibson, 1979; Savelsbergh, 1993; Warren, 1984) . It was found that statistically significant differences in grasping between children with and without DS disappeared when the cube sizes were scaled to hand size. This finding supports a main assumption of the ecological approach, that is, the existence of an inseparability of perception and action or functional coupling between perception and movement. This functional coupling can be expressed in terms of a body-scaled ratio, which is derived from two metrics: one for the child (hand span) and another for the action space (cube size; Newell et al., 1989; Warren, 1984) . The results are consistent with our hypothesis that the differences between children without and with DS would disappear when the ratio between object size and hand size was considered and would demonstrate the importance of body scale metrics in a simple prehension task.
The findings with respect to the children without DS confirm earlier observations reported for grasping by Newell et al. (1989) : 3-5 year old children and van der Kamp et al. (1998) : 5-9 year old children. These studies found ratios of about 0.60 and 0.70, respectively, for the transition point from one-handed to twohanded grasping. In the present experiment, a ratio of 0.98 was found for the children without DS, which is higher than the ratios reported by Newell et al. and van der Kamp et al. A difference in the compressability of the cube material may have resulted in the larger ratio. The cubes in this study were made of cardboard and therefore could be squeezed between the fingers of one hand, while the cubes in the previous experiments were more solid. In addition, the observed one-handed grip configuration involves mostly three digits, namely thumb, index finger, and middle finger. The thumb-middle finger span is wider than the thumb-index finger span, while for the ratio, the thumb-index finger span is used. If we had used the thumb-middle finger span value for calculating the ratios, a lower value would probably appear. For instance, Cesari and Newell (2000) found in adults a transition from three digits to four digits and from five digits (one hand) to two hands resulting from increases in the mass and size of the object. However, a transition from to two digits to three digits as a result of an increase in size is not reported in their study, which leaves open whether such a transition appears or not, especially in children. For the moment, the most likely explanation for the high ratio of 0.98 could be a combination of the compressability of the cube and the use of the fingerspan value.
Savelsbergh and coworkers found evidence that children with and without cerebral palsy (CP) showed the use of body-scaled information when they were required to pass through doorway-like opening of different sizes (Savelsbergh, Douwes-Dekker, Vermeer, & Hopkins, 1998) . In their study, the locomotor behavior of 5-to 8 and 9-to 13-year olds were examined in terms of the absolute and relative outcome. When performances in passing through the openings were adjusted for differences in body width, all groups had similar outcome, which indicates the use of body-scaled information.
Both the present study and the CP locomotion study illustrate that the reported differences between groups with disabilities and children without disabilities cannot be exclusively attributed to cognitive or even skill factors. If one accepts that these differences are not only due to cognitive and/or skill differences, implication for methods of treatment is obvious. Therapies should not be directed to perception or to movement but to the functional linkages between them. That is, the use of appropriate-sized objects (object size scaled to the size of the hand or other body parts) should enhance movement performance and development of these children.
Future research with respect to the coordination of grip configuration of children with DS should explore the influence of other factors, such as changes in hand orientation and changes in the number of fingers used (Newell et al., 1989) . Thus, in addition to object size, other relevant factors to be examined might include object squeezability, shape, surface area, surface texture (e.g., Savelsbergh, Steenbergen, & van der Kamp, 1996) , mass (e.g., Cesari & Newell, 2000) , volume, distance to the object, and postural orientation to the object (Carello et al., 1989; Savelsbergh & van der Kamp, 1994) to complete the picture of the development of grasping behavior.
